Isolated complex I deficiencies are one of the most commonly observed biochemical features in patients suffering from mitochondrial disorders. In the majority of these clinical cases the molecular bases of the diseases remain unknown suggesting the involvement of unidentified factors that are critical for complex I function. The Saccharomyces cerevisiae NDI1 gene, encoding the mitochondrial internal NADH dehydrogenase was previously shown to complement a complex I deficient strain in Caenorhabditis elegans with notable improvements in reproduction and whole organism respiration. These features indicate that Ndi1p can functionally integrate the respiratory chain, allowing complex I deficiency complementation. Taking into account the Ndi1p ability to bypass complex I, we evaluate the possibility to extend the range of defects/mutations causing complex I deficiencies that can be alleviated by NDI1 expression. We report here that NDI1 expressing animals unexpectedly exhibit a slightly shortened lifespan, a reduction in the progeny, and a depletion of the mitochondrial genome. However, Ndi1p is expressed and targeted to the mitochondria as a functional protein that confers rotenone resistance to those animals without affecting their respiration rate and ATP content. We show that the severe embryonic lethality level caused by the RNAi knockdowns of complex I structural subunit encoding genes (e.g., NDUFV1, NDUFS1, NDUFS6, NDUFS8, or GRIM-19 human orthologs) in wild type animals is significantly reduced in the Ndi1p expressing worm. All together these results open up the perspective to identify new genes involved in complex I function, assembly, or regulation by screening an RNAi library of genes leading to embryonic lethality that should be rescued by NDI1 expression.
Introduction
In humans, NADH: ubiquinone oxidoreductase (complex I) is composed of at least 45 different subunits encoded by both mitochondrial and nuclear genomes making it the largest of the five respiratory chain complexes. It catalyzes electron transfer from NADH to the respiratory chain through ubiquinone as electron acceptor. This huge complex is composed of structural subunits organized in three well-defined functional modules: the N module involved in oxidizing NADH, the Q module involved in reducing ubiquinone and the P module dedicated to the proton translocation (Brandt, 2006) . Furthermore, the proper sequential assembly of this huge complex requires many non-structural assembly factors and this process remains partially a conundrum (Pagniez-Mammeri et al., 2012b) .
Mitochondrial dysfunctions caused by respiratory chain complex I deficiency have been shown to possibly originate from deleterious mutations in either the nuclear or the mitochondrial genomes, resulting in a wide spectrum of human diseases ranging from leber hereditary optic neuropathy (LHON) , that specifically targets one organ, to diseases affecting several organs as the mitochondrial encephalomyopathy associated with cardiomyopathy (Fassone and Rahman, 2012) . Isolated complex I deficiency is encountered in 23 to 32% of the mitochondrial diseases, which makes it the most frequent biochemical signature found in these disorders (Scaglia et al., 2004; Hoefs et al., 2012) . Given the important number of either mitochondrial or nuclear genes that can be mutated, the molecular diagnosis of these disorders is still a hard task to perform. A so challenging task that only around 20% of the patients harboring a complex I deficiency carry a mutation in one of the known complex I subunit encoding genes (Rotig, 2010) . This observation suggests the existence of many uncharacterized genes implicated in complex I function, assembly or regulation. A recent exome sequencing screening, for mutations in 75 complex I associated genes in about 150 patients with a biochemically defined complex I deficiency identified mutations in 50% of the cases and causative mutations in less than 20% of the patients (Haack et al., 2012) .
To overcome this difficulty we propose to develop a genomic large-scale RNAi screening in the worm Caenorhabditis elegans to identify new complex I related genes by taking advantage of a transgenic worm expressing the yeast NADH alternative dehydrogenase (Ndi1p). Indeed, in contrast to mammals, the respiratory chain in fungi and plants is composed of multiple dehydrogenases that together allow a precise regulation of the electrons channeling in the respiratory chain, thus providing bypasses of complex I (Rasmusson et al., 2008) . In the yeast Saccharomyces cerevisiae complex I is merely replaced by a set of three monomeric non-proton pumping NADH dehydrogenases. Indeed, the internal mitochondrial membrane contains two NADH dehydrogenases facing the inner membrane space (Nde1p and Nde2p) and one facing the matrix (Ndi1p) (Marres et al., 1991; Luttik et al., 1998) . S. cerevisiae Ndi1p was shown to be enzymatically active when expressed in mammals (Yagi et al., 2006; Marella et al., 2008 Marella et al., , 2010 Cannino et al., 2012) , Drosophila (Sanz et al., 2010) , and nematode (DeCorby et al., 2007) . The complex I bypass established by Ndi1p was demonstrated to be well tolerated. It protects rat neurons against the specific complex I inhibitor, rotenone, and rescues complex I deficiency in several organisms in vivo and in vitro (DeCorby et al., 2007; Marella et al., 2008 Marella et al., , 2010 Maas et al., 2010; Sanz et al., 2010; Cho et al., 2012; Chadderton et al., 2013) . In the nematode C. elegans, Lemire and coworkers reported that Ndi1p expression compensates the phenotypes of a point mutation in nuo-1 (NDUFV1 worm ortholog, encoding a catalytic complex I subunit). This improvement is associated with the restoration of the membrane potential although NDI1 is carried by an extrachromosomal array and the worm is a mosaic animal (DeCorby et al., 2007) .
Caenorhabditis elegans presents a fully sequenced genome that encodes proteins among which 83% have an human ortholog (Lai et al., 2000) . The respiratory chain is well conserved between worms and humans, with five canonical complexes. Furthermore, their composing subunits are characterized by a high degree of sequence similarity (Tsang and Lemire, 2003; Rea et al., 2010) . For example, 38 complex I subunits (7 and 31 from mitochondrial and nuclear genomes, respectively) are conserved (Falk et al., 2009 ). In C. elegans, mitochondrial dysfunctions are known to cause developmental arrest or retardation at either embryonic or larval stage as well as longevity alteration Lee et al., 2003; Tsang and Lemire, 2003; Dancy et al., 2014) . In a genomic large-scale screening, the phenotypes observed for 21 known structural complex I genes silenced by RNAi are embryonic lethal (81%), larval stage arrest (5%), and developmental delay (14%) . The beneficial effect of Ndi1p expression in the worm was reported for a transgenic complex I mutant (nuo-1 A352V, corresponding to A341 in human NDUFV1; DeCorby et al., 2007) but not for complex I subunit RNAi knockdown in wild type animals yet.
In the present work we evaluated and demonstrated the feasibility of an original strategy to identify unknown complex I related genes based on the complementation capability offered by the bypassing effect of the yeast Ndi1p when expressed in C. elegans.
We first characterized the consequences of NDI1 expression in wild type worms and found that NDI1 expression is not as benign as observed in other organisms (Sanz et al., 2010) . NDI1 expression leads to a decrease in brood size, longevity, and mtDNA content without any detectable effect on the respiration rate. However, the enzyme is well active, increasing rotenone resistance of animal.
Despite these phenotypes, we demonstrated that Ndi1p was able to overcome reduced brood size and embryonic lethality due to RNAi knockdown of several known complex I genes. This efficient Ndi1p bypass now allows us to develop a new approach aiming to identify in C. elegans new genes involved in complex I function.
Materials and Methods

Worm Strains and Maintenance
We used the following two C. elegans strains: N2 (Bristol) wild type; N2-NDI1 (LB56), uaEx38 (plet-858::NDI1, pTG96, pPD118.25NEO; kindly provided by Bernard Lemire), which carries the plet-858::NDI1 expression plasmid, the pTG96 plasmid expressing a sur-5::GFP fusion protein that localizes to nuclei and the pPD118.25NEO plasmid conferring the G418 resistance.
Worms were cultured at 20 • C on nematode growth medium (NGM) plates seeded with OP50 Escherichia coli strain and supplemented with 1 mg/mL of G418 antibiotic to select for the retention of the extrachromosomal arrays of the N2-NDI1 line. When G418 is not used adult worms have to be sorted out for the presence of NDI1 transgene by their GFP staining.
Worm Phenotyping
To measure brood size, three synchronized L4 animals were transferred on plates seeded with OP50 bacteria until the adult stage. Plates were monitored each day and animals transferred to new plates. Laid eggs were scored each day and plates were incubated one more day at 20 • C to score hatching. This was done until the end of the egg laying period.
To analyze the development of larvae from L1-L4, freshly hatched L1 animals were incubated at 20 • C, monitored every day and scored until the L4 stage.
For lifespan analysis, 100 synchronized L4 larvae were transferred on NGM plates seeded with OP50 bacteria. Adults were counted each day and scored as dead if they did not respond to gentle stimulation. Adults were transferred daily to new plates during the egg laying period. Survival curves were further analyzed using the log-rank test.
Rotenone-protection assay was performed as described in (Saha et al., 2009 ).
Isolation of Mitochondria
Adult worms grown on NGM plates supplemented with G418 in the case of N2-NDI1 line were collected, rinsed three times in M9 medium, concentrated by centrifugation and frozen. Isolation of mitochondria was performed as described in (van den Ecker et al., 2010 ) excepted that we used glass beads in a FastPrep (MP Biomedical) for the release of the mitochondria.
Western Blot Analysis
Isolated mitochondria from young synchronized adult worms were used to perform Western blot analysis. The rabbit polyclonal antibody directed against S. cerevisiae Ndi1p was used at 1/10,000 and mouse monoclonal antibody directed against human NDUFS3 (Mitosciences, MS112) was used at 1/1,000. Secondary antibodies used were, respectively, HRP conjugated goat anti-rabbit and HRP conjugated sheep anti-mouse (GE healthcare) at 1/10,000.
Total Worm Respiration
Oxygen consumption rates were measured using an Oxytherm oxygen electrode (Hansatech, Norfolk, UK). Synchronized worms were grown on NGM seeded with OP50 bacteria or HT115 bacteria expressing the dsRNA of interest. In the case of N2-NDI1 worms, transgenic animals were selected upon G418 resistance. Synchronized worms were washed three times with M9 buffer before being introduced in the measurement chamber maintained at 20 • C. Nematodes were counted using triplicate aliquots. At least around 1000 worms were used for each measurement to reach sufficient respiration rates.
Ethidium Bromide Assay
Ethidium bromide (EtBr) assay was performed as described in (Addo et al., 2010) . Young synchronized adult worms were transferred to fresh NGM plates with or without different concentrations of EtBr. Worms were allowed to lay at least 100 eggs before being removed. Eggs were immediately counted and the F1 progeny produced was analyzed after 3 and 4 days. At day 4, evaluation of the F1 progeny arrested at the L3 stage was compared to the number of adults on the same plate. Data are the mean ± SD of three independent experiments.
Quantification of mtDNA
Total worm DNA extractions were performed using the Nucleopsin Tissue Extraction Kit (Macherey-Nagel) from 15 synchronized worms taken at day 8 of adulthood and no longer reproductive. The mitochondrial cyt-b and the nuclear T04C12.4 (act-3) genes were amplified independently by quantitative real-time qPCR using the following primers: cyt-bf/cyt-br TTCCAATTTGAGGGCCAACT/AACTAGAATAGCTCACGG CAATAAAA) and act-3f/act-3r (TGCGACATTGATATCCGTA AGG/GGTGGTTCCTCCGGAAAGAA). Amplifications were performed in triplicates using the Maxima SYBR Green Master Mix (Thermo scientific) in a LightCycler real-time qPCR system (Roche). Amplification efficiencies were determined for each couple of primers, based on standard curves established using serial dilutions of one of the DNA samples. Data were analyzed with software using the "second derivative" method of quantification.
Data represents the mean ratio ± SEM of mitochondria over nuclear gene copy number for three independent experiments. Significance was determined by student's t-test.
RNA Interference
The RNAi experiments were performed using the feeding procedure described with slight modifications. Feeding RNAi clones were purchased from the Ahringer RNAi library (Geneservice Limited) and sequenced. Exponential cultures of HT115 (DE3) bacteria (RNaseIIIdeficient E. coli strain, with an IPTG-inducible T7-RNA polymerase) carrying the plasmid expressing the dsRNA of interest were seeded on NGM plates supplemented with 1 mM IPTG, 25 µg/mL carbenicillin, and incubated at 20 • C for 48 h to allow the expression of the double-stranded RNA (dsRNA). Worms fed by HT115 bacteria carrying the L4440 vector were used as control in all experiments.
For L1 RNAi, synchronized L1-stage worms were placed onto RNAi plates and incubated 24 h at 20 • C and for 72 h at 15 • C. Then, three synchronized young adult worms were picked up and transferred to fresh RNAi plates. For N2-NDI1 worms, animals were selected according to GFP staining. For L3 RNAi, the same protocol was applied except that L1 worms were grown on NGM plates seeded with OP50 bacteria until the L3 stage. In the case of N2-NDI1 animals the medium also contains G418, which allows the selection of the NDI1 expressing worms. L3 were washed twice in M9 medium to eliminate most OP50 bacteria and then transferred on RNAi plates (without G418) and incubated 72 h at 15 • C.
Adult worms were allowed to lay eggs on RNAi plates for 6 h before being transferred to another plate overnight. The day after adult worms were sacrificed, laid eggs were immediately counted and the F1 progeny produced was analyzed. Embryonic lethality level of the F1 progeny was quantified by counting at least 100 eggs laid and hatching was scored 24 h later. Egg laying and hatching were thus scored on a period corresponding to the maximum amount of eggs laid.
RNA Extraction and Quantification
RNAs were extracted from 3 independent batches of 30 synchronized N2 and N2-NDI adults worms grown in L3 RNAi conditions (worms fed with HT115 bacteria expressing (+) dsRNA designed to knock down the expression of the CO9H10.3 and C34B2.8 genes. Trizol (InVitrogen) RNA extraction was followed with DNAse treatment using the DNA-free kit (Ambion) and Reverse transcription using the SuperScript Vilo cDNA synthesis Kit (InVitrogen). The abundance of CO9H10.3 and C34B2.8 transcripts were determined by real time qRT-PCR, respectively, using the couple of primers CAGTGTACTCCATGCCGTG/GGCGAATGAGTCCCTGAAC and TCCAACTGCTACTGAGGTATT/CCACTTGGACATCCA TTGTG. The specific amplification of cDNA is attested by the absence of amplification products on identical samples in which the reverse transcriptase was omitted. The abundance of ama-1 (F36A4.7) transcripts was used as a reference (Hoogewijs et al., 2008; Addo et al., 2010; van den Ecker et al., 2012) and determined using the couple of primers CGACAT ACAATCCAACATCTC/GTTGGAGAGTACTGAGCCG. In N2 and N2-NDI worms ama-1 is expressed at identical level and in equivalent levels if compared to NDUFV1 and GRIM-19 transcripts.
ATP Content Measurement
The total ATP content from 3 batches of 1000 L4 synchronized worms for each line was measured according to the procedure described in (Braeckman et al., 2002) . Quantification was performed using the ATPlite bioluminescence Kit (PerkinElmer) and normalization was done by protein determination (Bradford, Biorad) on three equivalent batches of worms.
Results
Characterization of the N2-NDI1 Worm
The mosaic transgenic nematode strain N2-NDI1 expresses the S. cerevisiae NDI1 gene that encodes a single subunit NADH dehydrogenase already demonstrated to be able to compensate or at least mitigate complex I deficiency consequences in several organisms in vivo and in vitro (DeCorby et al., 2007; Maas et al., 2010; Marella et al., 2010; Sanz et al., 2010; Chadderton et al., 2013) . N2-NDI1 animals express NDI1 under the control of the strong and ubiquitous promoter let-858. As Ndi1p is a mitochondrial NADH dehydrogenase that does not exist in C. elegans, its expression was investigated by Western blot analysis using a specific antibody directed against S. cerevisiae Ndi1p. Because Ndi1p was not detectable in total N2-NDI1 protein extract (data not shown), we analyzed mitochondrial enriched extracts ( Figure 1A) . The detection of a signal migrating around 55 kDa in N2-NDI1, absent in wild type (N2) confirmed the proper expression and addressing of Ndi1p to mitochondria. The signal obtained with the human NDUFS3 antibody revealed that no modification in the steady state level of this complex I subunit was detected upon NDI1 expression.
As growth, development, reproduction capability, and aging are highly dependent on a functional respiratory chain in worms (Dillin et al., 2002; Lee et al., 2003; Tsang and Lemire, 2003; Grad and Lemire, 2004; Dancy et al., 2014) , these parameters were investigated. First, N2-NDI1 worms showed a decreased reproductive capability as measured by the number of laid eggs, which was reduced at least by 50%, as compared to N2 animals ( Figure 1B, black bars) . The amount of hatched eggs was scored in the same experiments ( Figure 1B, white bars) . All the eggs laid by N2 and N2-NDI1 animals hatched thus pointing out the absence of embryonic lethality in both strains and indicating that NDI1 expression did not impaired embryogenesis.
Second, N2-NDI1 animals displayed a significant reduced median lifespan ( Figure 1C ) equal to 8.6 compared to 11 days of N2 animals (log-rank test, P < 0.001). Since complex I deficiency is also associated with a developmental delay (Grad and Lemire, 2004) , we measured larval developmental time from L1-L4 stages. No difference was found between the N2 and N2-NDI1 worms, both displaying a larval stage development of 46 h at 20 • C (data not shown).
Altogether, these results show that ectopic expression of Ndi1p in wild-type worms is not benign.
Ndi1p Protects Nematode Against Rotenone Toxicity and Increases Rotenone-Insensitive Respiration
Rotenone (a potent specific complex I inhibitor) exposure has been described to alter significantly the survival of N2 animals (Ved et al., 2005) . In opposition to complex I, Ndi1p catalyzes oxidation of mitochondrial matrix NADH in a rotenone insensitive manner (Marres et al., 1991) .
We hypothesized that NDI1 expression should protect worms against rotenone toxicity. To test this hypothesis, N2 and N2-NDI1 synchronized young adults were exposed to 25 and 50 µM of rotenone, concentrations known to alter significantly and in a dose-dependent manner the survival of N2 animals (Ved et al., 2005) . At day 1, synchronized adults were placed onto NGM plates supplemented with rotenone and worm survival was scored each day during 3 days (Figure 2) . The two strains displayed a dose-and time-dependent reduction of viability upon rotenone treatment, but in a lesser extent in the N2-NDI1 worms. After 1-day of rotenone exposure at 25 and 50 µM, 85% of the N2 worms versus more than 95% of the N2-NDI1 were alive. After 48 h rotenone exposure N2 worms showed only 55% survival, whereas 80-95% of the N2-NDI1 animals were still alive. Eventually, a 72 h rotenone exposure to the same concentrations led to 48-56% mortality for N2 animals and less than 30% mortality for N2-NDI1 worms. Overall, the Ndi1p expressing nematodes showed a significantly reduced vulnerability to rotenone toxicity after 3 days of poison exposure Black bars correspond to the number of laid eggs and white bars to the number of hatched eggs. Asterisks indicate statistical significance when N2-NDI1 is compared to N2 strain using t-test ( * * P < 0.01). (C) Survival curves for N2 (black line) and N2-NDI1 (dotted line) animals. Surviving animals were monitored each day and scored as dead if they did not respond to stimulation. Plotted data are from three independent experiments with 100 worms each, giving similar results. Dotted line indicates extrapolation of median lifespan.
FIGURE 2 | Ndi1p protects animals against rotenone. Fifteen N2 (black bars) and N2-NDI1 (white bars) young adult worms were exposed to 25 and 50 µM of rotenone on nematode growth medium (NGM) plates and incubated at 20 • C over 3 days. Animal survival was scored each 24 h.
Each histogram represents the mean values ± SEM of three independent experiments. Statistical significance was tested by t-test ( * P < 0.05, * * * P < 0.001) when N2-NDI1 strain is compared to N2 treated in the same conditions.
with a higher survival percentage observed in all tested conditions giving evidence on the Ndi1p functionality.
To address the participation of Ndi1p to the worm respiration, we measured the whole live animal respiration rate, its sensitivity to rotenone, and whole animal ATP content. Respiration of N2 worms was found 60% resistant to rotenone whereas respiration of N2-NDI1 adult animals was at least 85% resistant to rotenone ( Table 1) . N2 and N2-NDI1 whole animal respiration rates and ATP content were found to be similar (Table 1) indicating that Ndi1p preserved the overall animal respiration and ATP production.
Ndi1p Confers Hypersensitivity to Ethidium Bromide
Since in humans, several complex I subunits (NDUFS1, NDUFA9, and NDUFV3) are known to participate to the mitochondrial nucleoid, the mitochondrial DNA (mtDNA) packaging structure (Bogenhagen et al., 2008) , we hypothesized that expression of Ndi1p could modify this participation generating mtDNA maintenance defects. We have previously shown that worm exposure to EtBr exacerbates the consequences of mtDNA anomalies in C. elegans (Addo et al., 2010) . Synchronized N2 and N2-NDI1 worms were allowed to lay eggs on medium supplemented by 30, 40, and 50 µg/mL EtBr and the F1 larval development was analyzed until day 4 of adulthood ( Figures 3A,B) . As previously described, N2 worms were sensitive to EtBr exposure in a dose dependent manner and 100% of the larvae were arrested at the L3 stage in presence of 50 µg/mL EtBr. In contrast, N2-NDI1 animals were hypersensitive toward EtBr since 100% of the F1 progeny was arrested at the L3 stage from the lowest EtBr concentration tested (30 µg/mL). These results suggested that N2-NDI1 animals displayed anomalies in mtDNA content. To confirm that notion, we further quantified the relative mtDNA copy (C) mtDNA content of 9 days old adult worms in N2 (white bars) and N2-NDI1 (black bars) animals. Real time qPCR experiments were performed three times independently and the mtDNA content is expressed using act-3 as the nuclear reference gene (means ± SEM). Asterisks indicate statistical significance in comparison to N2 (t-test, * * * P < 0.001).
number of N2 and N2-NDI1 animals (not treated with EtBr) by real time qPCR. The amount of mtDNA in the N2-NDI1 animals was found reduced by 30% as compared to N2 worms ( Figure 3C ). Nevertheless NDI1 expression affects mtDNA content with no impact on the N2-NDI1 worm respiration rate ( Table 1) .
Ndi1p Alleviates the Consequences of Two Complex I Subunits Gene Silencing
NDI1 expression is known to partially suppress some of the defects due to a point mutation in the nuo-1 gene, the worm NDUFV1 ortholog (DeCorby et al., 2007) . Here, we determined the capacity of Ndi1p to bypass RNAi induced complex I deficiencies upon inactivation of nuo-1 and C34B2.8, the worm orthologs of human NDUFV1 and GRIM-19 (NDUFA13), respectively. Both are very well known structural genes involved in the function and the assembly of complex I (Falk et al., 2009) . nuo-1 inactivation leads to severe complex I deficiency and the mimic of human mutations in this gene was demonstrated to be pathogenic in the worm, leading to severe phenotypes (Tsang et al., 2001; Grad and Lemire, 2004) . The second gene, GRIM-19 is an accessory subunit whose inactivation leads to complex I assembly defect in a mouse model (Huang et al., 2004) . In C. elegans, a large-scale RNAi approach showed that knockdown of each of these genes causes 50 to 80% embryonic lethality of the F1 progeny when performed at the L3-L4 stage . Therefore, we applied RNAi against these two known complex I subunits either at the L1 or the L3 stage looking for the most appropriate criterion in the perspective of a large-scale RNAi screening.
We thus scored egg laying of the F0 generation for animals submitted to RNAi from the L1 stage (Table 2 ) and embryonic lethality of the F1 progeny for animals RNAi treated since the L3 stage (Table 3) . Indeed upon RNAi treatment at the L1 stage, the significant decrease in egg laid by N2 animals makes it difficult to properly measure any embryonic lethality. N2 worms laid only 24% (NDUFV1 RNAi) and 20% (GRIM-19 RNAi) eggs as compared to the control (L4440). In contrast, N2-NDI1 animals, respectively, laid 62 and 60% eggs as compared to the not RNAi treated parental line, without any egg laying delay observed for both strains. For RNAi applied at the L3 stage against the same subunits encoding genes, embryonic lethality level of the F1 progeny was quantified by counting at least 100 eggs laid and hatching was scored 24 h later. NDUFV1 knockdown led to 83% embryonic lethality in N2 worms while only to 37% in N2-NDI1 animals. GRIM-19 inactivation led to 27% embryonic lethality in N2 worms but it only reached 3% in N2-NDI1 animals ( Table 3) . Moreover, the F1 progeny of N2 worms submitted to RNAi against GRIM-19 from the L3 stage was blocked at the L2/L3 larval stage whereas the N2-NDI1 progeny was able to develop properly until adulthood (data not shown).
We also measured respiration rates of N2 and N2-NDI1 synchronized L4 animals subjected or not to NDUFV1 RNAi. L1 RNAi led to a 42% decreased of the N2 respiration rate whereas no decrease was observed for N2-NDI1 animals subjected to the same RNAi ( Table 2 ). This result suggested that Ndi1p is able to restore the respiration rate decrease due to complex I deficiency and thus to compensate the complex I deficiency associated phenotype. NDUFV1 and GRIM-19 knock down efficiencies were checked at the mRNA level by real time RT-qPCR in N2 and N2-NDI1 animals ( Table 3) . A similar reduction of mRNA level was found between the two lines indicating that the beneficial effect observed in the N2-NDI1 animals was not due to a less efficient RNAi in this line.
As we selected N2-NDI1 worms for their G418 resistance rather than sorting them thanks to their GFP staining for technical convenience, we evaluated the innocuousness of G418 treatment on RNAi efficiency. We applied L3 RNAi protocol on N2-NDI1 larvae selected either by G418 exposure or GFP staining and scored embryonic lethality on the F1 progeny. We found a comparable beneficial Ndi1p effect in the two groups (Supplementary Figure S1) .
Altogether, these results establish the beneficial effect of Ndi1p expression on egg-laying default, embryonic lethality, and larval developmental arrest due to the RNAi knockdown of two complex I subunit encoding genes, applied either at the L1 or L3 stage.
Ndi1p Complements the Embryonic Lethality Upon RNAi Targeting Several Genes Encoding Complex I Catalytic and Accessory Subunits
We further inactivated the expression of several genes encoding known catalytic and accessory complex I subunits to confirm complementation property of Ndi1p. We used the L3 RNAi protocol validated previously. Among known genes, we selected those that lead either to mild (<50%) or to strong (>50%) embryonic lethality upon RNAi inactivation in a large-scale screening, in order to determine to which extent Ndi1p would be able to save embryonic lethality. In addition to NDUFV1 and GRIM-19 we decided to inactivate expression of three additional complex I related genes Y45G12B1, T20H4.5, and F22D6-4 which are the orthologs of human NDUFS1, NDUFS6, and NDUFS8 genes, respectively. All these genes encode subunit involved in complex I structure, with different functions: (i) NDUFV1 and NDUFS1 are catalytic subunits involved in the N module, (ii) NDUFS8 is also a catalytic subunit but involved in the Q module, (iii) NDUFS6 and GRIM-19 are accessory subunits. In human, a homozygous NDUFS6 mutation leads to a decreased amount of fully assembled complex I and accumulation of a subcomplex (Kirby et al., 2004) , while in mice, GRIM-19 knockdown neither assembled complex I nor accumulated subcomplex is observed (Huang et al., 2004; Pagniez-Mammeri et al., 2012a) . In parallel, we checked the specificity of the Ndi1p bypass by treating worms with RNAi directed against two non-related complex I genes. F26E4.9, which encodes the human cytochrome c oxidase subunit 5b ortholog (complex IV subunit; Tsang and Lemire, 2003) and K07C11.2, a non mitochondrial gene encoding a serinethreonine kinase involved in the assembly of the mitotic spindle microtubule Toya et al., 2011) . As shown in Figure 4 , all N2 worms fed by HT115 bacteria allowing RNAi were characterized by embryonic lethality in the expected range of 30 to 95%. For N2 worms, NDUFV1, NDUFS6, and K07C11.2 inactivation led to more than 80% embryonic lethality and NDUFS1, NDUFS8, GRIM-19, and COX5b inactivation led to less than 50% embryonic lethality. In N2-NDI1 worms the level of embryonic lethality was significantly reduced whatever the complex I related gene silenced and the embryonic lethality due to the non-complex I related genes silencing was not diminished underlying the complex I specificity of the Ndi1p bypass.
Discussion
In this paper we propose a new, rapid, and cheap strategy to find out new genes involved in complex I function taking advantage of a C. elegans worm expressing the S. cerevisiae NDI1 gene, that encodes a single subunit NADH dehydrogenase able to bypass complex I. We first characterized the N2-NDI1 nematode strain (expressing Ndi1p). Then we checked the Ndi1p capacity to specifically overcome consequences of known complex I subunits knocked down by RNAi in order to prove the feasibility of an incoming large-scale screening. N2-NDI1 animals are characterized by a preserved whole animal respiration rate, ATP content, and developmental schedule while Ndi1p appears to be properly expressed and targeted to mitochondria as assessed by Western blot analysis. Furthermore, Ndi1p expression confers an increased resistance to rotenone suggesting the functionality of Ndi1p at least in a complex I deficient context. Nonetheless, N2-NDI1 animals present a decreased progeny number by 50%, a significantly reduced lifespan and a subtle 30% mtDNA content decrease. However, the electron transport chain content seems to be preserved as NDUFS3 steady-state level and whole animal respiration rate are similar in N2 and N2-NDI1 animals. Thus, in presence of a functional complex I, expression of Ndi1p is somehow deleterious. On the contrary, when complex I is impaired by the silencing of one of its subunits or by the use of rotenone, expression of Ndi1p has beneficial effects. This indicates that Ndi1p is functional and may compete with complex I.
Because complex I is absent in the yeast S. cerevisiae, it might be predicted that Ndi1p has similar kinetic properties as complex I toward NADH. Ndi1p is an enzyme that does not translocate protons, therefore the fraction of electrons transiting through Ndi1p will not participate to ATP production. Consequently, the respiration rate and ATP production should be impacted. In order to explain the phenotypic differences between N2 and N2-NDI1 animals despite similar ATP content (at the whole animal level), we can hypothesize that in presence of a functional complex I, the impact of Ndi1p on respiration rate and ATP production is low and not detectable at the level of the whole mosaic animals. However, in NDI1-expressing cells, such as the germline, deleterious consequences on egg production might be expected if ATP decreases under a threshold level (reduced electron flow through complex I) or if reactive oxygen species are overproduced (increased global electron flux). Interestingly, oxidative stress associated with a reduced brood size and a slightly reduced lifespan have been described in nuo-1 mutant worms (Grad and Lemire, 2004) , phenotypes also exhibited by N2-NDI1 animals.
Altogether, we showed that the expression of the S. cerevisiae internal NADH dehydrogenase Ndi1p, in a wild type nematode is not benign. On the contrary, Ndi1p expression is described to be largely innocuous in Drosophila conferring only a slightly increased lifespan (Sanz et al., 2010) . In the N2-NDI1 worm, the transgene NDI1 is under the control of a strong ubiquitous promoter (let-858) and carried on an extrachromosomal array. This latter is a high molecular weight DNA concatemer composed of up to hundreds of copies of the plasmid harboring the transgene. It might lead to Ndi1p overexpression that can be toxic (Stinchcomb et al., 1985) , but may be attenuated by the mosaicity of the animal. In Drosophila, the NDI1 transgene is under the control of an inducible promoter and only 1-4 FIGURE 4 | Ndi1p decreases specifically embryonic lethality due to RNAi knockdown of complex I subunits. Embryonic lethality was calculated, as the percentage of eggs laid that did not hatched. Black bars (N2) and white bars (N2-NDI1) represent the means (± SD) of embryonic lethality of at least three independent experiments with more than 100 eggs laid scored by experiment. RNAi knockdown targets were C09H10.3, C34B2.8, Y45G12B1, T20H4.5, F22D6-4, F26E4.9, and K07C11.2. Asterisks show statistical significance (t-test, *P < 0.05, ***P < 0.001) when N2-NDI1 was compared with N2 treated by identical RNAi.
FIGURE 5 | RNAi-based complex I subunits screen strategy. N2 and N2-NDI1 animals will be subjected to RNAi from an embryonic lethal sub-genomic library. We hypothesized that complex I gene inactivation will lead to embryonic lethality in N2 reference strain (A) and not or in a lesser extent in N2-NDI1 animals allowing eggs to hatch and animals to develop (B). I-V figure the canonical respiratory chain complexes; Q, ubiquinone; bold dotted and plain line represent altered or active electron flow and thin dotted lines represents proton translocation. Adapted from Rustin and Jacobs (2009). copies are inserted into the genome. Consequently, Ndi1p amount in N2-NDI1 nematode might be much higher and present during all the worm life compared to Drosophila; these differences could therefore explain the toxicity reported in the worm.
It would be of interest to construct a new N2-NDI1 nematode in which the transgene expression level can be controlled or a new N2-NDI1 worm expressing an alternative NADH dehydrogenase which naturally co-exists with a complex I, as in plants and many fungi.
We also showed that Ndi1p expressed in wild type animals rescued phenotypes caused by several complex I subunit RNAi knockdowns, confirming the pioneer works published by Lemire and co-workers (DeCorby et al., 2007) . RNAi of C09H10.3 (NDUFV1) and C34B2.8 (GRIM-19) in N2 worms, applied from the L1 or the L3 stage, led, respectively, to severe egg laying defect or embryonic lethality. In N2-NDI1 animals submitted to the same RNAi conditions, these phenotypes were both impressively alleviated. Moreover, the L3 stage arrest observed in the F1 progeny of N2 worms treated by RNAi against GRIM-19 from the L3 stage was entirely complemented by Ndi1p indicating the beneficial effect of his protein on complex I deficiency whatever the phenotype was.
We further demonstrated the Ndi1p complementation capability over structural or accessory complex I subunits belongings to the functional domains involved in NADH oxidation (N module) and ubiquinone reduction (Q module; ortologs of NDUFS1, NDUFS6, and NDUFS8). These results make us confident in the efficiency of the screening we propose to implement by the use of embryonic lethal phenotype based sub-genomic library derived from the genomic RNAi library . If we are conscious that we will miss assembly factors obviously absent from the embryonic lethal sublibrary as the worms orthologs of human NDUFAF1, NDUFAF3 genes (van den Ecker et al., 2012) and that we will probably not identify new additional catalytic subunits, we remain quite confident that we will identify many other complex I related genes such as: (i) key assembly factors whose knockdown could lead to drastic complex I activity decrease; (ii) new accessory subunit loosely associated to complex I but important for complex I activity; (iii) modulators of complex I that can act transcriptionally or post-translationally such as STAT3 and PINK1 identified in human. STAT3 is a transcription factor demonstrated to interact with complex I and to negatively modulate complex I activity (Wegrzyn et al., 2009 ). PINK1 is a mitochondrial serine/threonine kinase involved directly or not in the phosphorylation of NDUFA10, known to be crucial for the regulation of the ubiquinone reduction (Morais et al., 2014) . STAT3 and PINK1 are probably not the only proteins able to regulate complex I activity and the screening we proposed should reveal such complex I activity modulators depending on enzymatic modifications such as phosphorylation and acetylation. Interestingly, STAT transcription factors and PINK1 are conserved in C. elegans underlying the possibility to identify that category of genes in our model (Wang and Levy, 2006; Samann et al., 2009) . Eventually, given: (i) that embryonic lethality is the most often observed phenotype in RNAi induced complex I deficient worms, (ii) the existence of an embryonic lethal sub-genomic RNAi library, and (iii) the Ndi1p complementation ability on embryonic lethality due to RNAi of five different known complex I genes, we decided to apply the L3 RNAi approach scoring the F1 embryonic lethality progeny to identify new complex I related genes in N2 and N2-NDI1 worms. We hypothesized that the embryonic lethality in N2 worms would be at least alleviated in N2-NDI1 animals, thanks to the shortcut offered by Ndi1p, pointing to new complex I related genes (Figure 5) .
By the use of such a strategy, we hope to identify new genes involved in complex I activity, regulation and assembly that would be candidate genes to validate in human patients presenting a complex I deficiency without known corresponding molecular basis. The identification of these new genes would also help to get a better understanding of complex I.
